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Energy-variable collisionally activated dissociation (CAD) was used to analyze noncovalent
interactions of protonated peptide/polyether complexes in a quadrupole ion trap complexes
were formed with a series of four polyether host molecules and thirteen peptide molecules.
Comparison of dissociation thresholds revealed correlations between the gas-phase basicities
of the peptides and polyether molecules and the onset of dissociation. The dissociation
thresholds of complexes containing the tripeptides or pentapeptides were inversely propor-
tional to the gas-phase basicities of the sites of protonation of the peptides. Intramolecular
hydrogen bonding of the pentapeptides affected the observed dissociation thresholds as well.
The dissociation thresholds also scaled proportionally to the gas-phase basicities of the
polyethers in the complexes, and the importance of the conformational flexibility of the
polyether ligand was confirmed for one of the histidine-containing tripeptide
complexes. (J Am Soc Mass Spectrom 2003, 14, 1148–1157) © 2003 American Society for Mass
Spectrometry
The advent of “soft” ionization sources such aselectrospray ionization (ESI) [1] and matrix as-sisted laser desorption ionization (MALDI) [2]
has allowed observation of intact noncovalent com-
plexes in the gas phase [3–7]. Since noncovalent inter-
actions are crucial to biological systems, the ability to
transport these types of complexes from the solution
phase to the gas phase for subsequent characterization
by mass spectrometry enables us to probe supramolecu-
lar interactions in a solvent-free environment and begin
to develop an understanding of the intrinsic nature of
noncovalent interactions, such as hydrogen bonding.
Noncovalent interactions are important in the forma-
tion of higher order structures of proteins as well as in
the interactions of proteins with other biological mole-
cules in solution, and there is great interest in evaluat-
ing the survival of such interactions in the gas phase
and understanding the extent to which biological com-
plexes in the gas phase relate to the native ones in
solution. Studying how different variables affect the
strengths of noncovalent interactions in relatively sim-
ple systems is the first step in providing information
that may be useful in assessing the nature of noncova-
lent interactions in larger, biologically relevant com-
plexes. For example, synthetic ligands can serve as
models for biological molecules; crown ethers first
described by Pederson in 1967 [8] have been frequently
studied both in solution [9] and in the gas phase [10–38]
and mimic simple biological molecules with hydro-
philic binding cavities [39]. In addition, crown ethers
can be used to model charge solvation processes be-
cause of their polydentate nature and affinity for cat-
ions.
Crown ethers have been shown to form stable gas-
phase complexes with peptide molecules containing
basic sites, either at the N-terminus or at a basic amino
acid side chain [40–42]. Some work with peptide/
crown ether complexes has been focused on charge
state determination [40], in which the addition of 18-
crown-6 to a peptide ion facilitated determination of the
charge state using constant neutral loss scans.
Beauchamp and co-workers have also undertaken
amino acid side chain-specific recognition with several
crown ether hosts [41, 42]. These studies suggested that
18-crown-6 preferentially binds to the side chain of
lysine over other available basic sites [41], and that
larger hosts like dibenzo-30-crown-10 and 27-crown-9
bind strongly to the guanidinium side chain of an
arginine residue [42]. Beauchamp et al. also hypothe-
sized that the number of specific basic amino acids
present in a peptide molecule could be quantified using
these types of noncovalent interactions [42]. The solva-
tion of a protonated amine site in a peptide by a crown
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ether may disrupt some of the intramolecular hydrogen
bonds in the peptide, and thus this artificial solvation
process may be envisioned as a way to selectively probe
aspects of secondary structure in peptides (or proteins).
In the present study, we have compared the
strengths of the noncovalent interactions between var-
ious protonated peptide molecules (KGG, GKG, GGK,
HGG, GHG, GGH, GGG, YGGFL, YGRFL, AAAAA,
KAAAA, RAAAA, AAAAR) and a set of polyethers
(18-crown-6, 15-crown-5, 12-crown-5, and the acyclic
host tetraglyme) (Figure 1) based on energy-variable
collisionally activated dissociation in a quadrupole ion
trap mass spectrometer. For peptides without basic
residues, protonation occurs at the N-terminus in gas-
phase ions, whereas the most favorable site of protona-
tion on peptides containing a basic residue is the basic
side chain functional group [43]. In the present work,
energy-variable CAD measurements are used to com-
pare the relative dissociation energies of the noncova-
lent peptide/polyether complexes. As shown herein,
the relative dissociation energies of noncovalent com-
plexes containing different isomeric peptides solvated
by the same polyether provide a sensitive way to assess
subtle differences in the factors that influence the
strengths of noncovalent interactions.
Polyether complexes involving three series of pep-
tides were examined in this study. The tripeptides
(KGG, GKG, GGK, HGG, GHG, GGH, and GGG) were
selected to allow observation of how changes in both
basic residue position and type affect binding strength;
GGG allows comparison of complexes involving poly-
ether attachment at the protonated N-terminus versus
the protonated basic side chain. The penta-alanine
peptides (AAAAA, KAAAA, RAAAA, AAAAR) dem-
onstrate how the presence, absence, type, and position
of a basic residue affect the dissociation thresholds for
larger peptides. The higher degree of intramolecular
hydrogen bonding in these peptides affects the binding
with the crown ether hosts. The leucine enkephalin
pentapeptides (YGGFL, YGRFL) allow the comparison
of the binding strength of the host molecule to the
protonated N-terminus versus the protonated arginine
side chain. The latter two peptides have the potential
for considerably more intramolecular hydrogen bond-
ing than any of the other peptides.
In order to assist in conceptualization of these com-
plexes, the Spartan 2002 software suite was utilized for
molecular mechanics and semi-empirical calculations at
the PM3 level.
Experimental
Five peptides (GGG, GGH, GHG, AAAAA, YGGFL)
were obtained from Sigma Chemical (St. Louis, MO).
Four (HGG, GKG, GGK, KGG) were obtained from
BACHEM (King of Prussia, PA). The remaining pep-
tides (RAAAA, KAAAA, AAAAR, YGRFL) were syn-
thesized at the Protein Microanalysis Facility at the
University of Texas at Austin. The ligands used in these
studies (18-crown-6, 15-crown-5, 12-crown-4, and tetra-
glyme) were all purchased from Aldrich (St. Louis, MO).
All solutions were prepared in 99% methanol/1%
acetic acid, and the concentration of each species (pep-
tides and ligands) was 1.0  105 M. For each threshold
dissociation experiment, a solution consisting of a sin-
gle peptide and a single polyether ligand at equimolar
concentrations was analyzed.
All experiments were performed on a Finnigan LCQ-
Duo using the Xcalibur (Finnigan, San Jose, CA) soft-
ware package and an electrospray source. The ion trap
was operated at a base pressure of nominally 5  106
torr with helium. For ESI experiments, the sample flow
rate was 3 L/min, and the pressure in the analyzer
Figure 2. Molecular modeling of the protonated GKG/18-
crown-6 complex.
Figure 1. Structures of hosts (gas-phase basicity in kcal/mol
[44]).
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region was then nominally 1 105 torr. Ionization and
trapping conditions were optimized once for each of the
sets of peptides (lysine tripeptides, histidine tripep-
tides, leucine enkephalin-type pentapeptides, penta-
alanine-type peptides) with each individual ligand.
Once instrumental parameters were optimized for one
peptide in one of the aforementioned sets for a partic-
ular ligand, they were not retuned for subsequent
peptides in that set. All experiments were run in tripli-
cate.
All modeling studies were performed using the
Spartan 2002 software suite. Conformational searches
were performed using molecular mechanics, followed
by energy minimization of the most favorable struc-
tures at the PM3 level.
Results and Discussion
Overview
Protonated peptides form stable noncovalent com-
plexes with polyether molecules; an example of the
protonated GKG/18-crown-6 complex is modeled in
Figure 2. The electron-rich polyethers “solvate” the
protonated amine groups of the peptides, and thus the
resulting complexes provide a simple model of charge
Figure 3. ESI-Mass spectrum of KGG/18-crown-6 solution.
Scheme 1. Dissociation of the protonated KGG/18-crown-6 complex.
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site solvation via hydrogen bond formation in biologi-
cal complexes. In the peptides containing amino acids
with basic side chains (histidine [H], lysine [K], arginine
[R]), the crown ether most likely binds to the protonated
side chain, in agreement with studies by Julian and
Beauchamp [41]. In the peptides that contain no basic
site other than the N-terminus, the crown ethers bind to
this protonated primary amine. We are interested in the
relative strengths of the hydrogen bonding interactions
between the polyether and the protonated peptide as
well as the factors affecting the binding strength, as
determined by threshold dissociation experiments, in
addition to the implications that these results may have
for larger noncovalently bound species. An example of
the ESI-mass spectrum obtained upon spraying the
KGG/18-crown-6 solution is shown in Figure 3. The
base peak is the [KGG  H  18-crown-6] complex.
After transfer to the gas phase by ESI, the parent
complex ([peptide  H  polyether]) was isolated
with an isolation window width sufficiently narrow to
exclude all but the 12C isotope. Following isolation, the
complex was subject to collisional activation (qz 
0.250, activation time 30 ms) at CAD voltages increas-
ing in integrals of 1% (relative to the maximum CAD
voltage of the ion trap instrument). For each of the
complexes, the dissociation resulted in the loss of the
neutral crown ether molecule. This dissociation path-
way is represented in Scheme 1. The collision voltage
required to convert 10% of the initial parent ion inten-
sity of the complex to the protonated peptide (as
illustrated in the CAD spectrum in Figure 4) was
tabulated as the threshold voltage. A set of representa-
tive dissociation threshold curves for three protonated
tripeptide/18-crown-6 complexes (plotted as the per-
centage of the total ion intensity represented by the
fragment ion current versus the CAD voltage applied)
with the associated error bars is illustrated in Figure 5.
These were obtained via triplicate measurements for
each complex, followed by averaging and calculation of
the standard deviation. In one case involving the disso-
ciation of the protonated GGG/18-crown-6 complex,
the parent complex dissociated to form both protonated
18-crown-6 and GGG due to the relatively low gas-
phase basicity of tri-glycine, which is comparable to
that of 18-crown-6 (see Table 1 and Figure 1). Threshold
dissociation data was not recorded for this complex
Figure 4. Threshold dissociation of the protonated GGK/18-
crown-6 complex.
Figure 5. Energy-variable dissociation of protonated lysine tripeptide/18-crown-6 complexes.
Table 1. Experimental gas-phase basicities for glycine,
histidine, and lysine tripeptides
Peptide
Gas-phase basicity (kcal/mol) (determined via the
deprotonation reaction method)
GGG 219.1a
KGG 234.3  3.2b
GKG 228.3  3.3b
GGK 234.3  3.2b
HGG 231.3  3.8b
GHG 228.3  3.3b
GGH 231.3  3.8b
aFrom Reference [44].
bFrom Reference [43] corrected for the current NIST gas-phase basicity
scale, Reference [44].
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because of the competition for retention of the proton
by the tripeptide versus 18-crown-6.
When dissociating complexes such as these and
comparing energies required for a certain degree of
fragmentation, the size of the complexes must be con-
sidered. Compounds that contain more atoms than
others have more degrees of freedom with which to
distribute energy, meaning that it requires more energy
to break a bond in a larger molecule than is required for
an equivalent bond in a smaller molecule, within the
same time frame. This kinetic shift problem was com-
pensated by correcting the 10% dissociation thresholds
for the number of atoms in the complex using the
following equation:
EThreshold, Corrected  EThreshold
Nref
Ncomplex
(1)
(where N  3n  6 and n is the number of atoms in the
complex).
Tables 2, 3, and 4 contain the 10% dissociation
threshold values obtained for the thirteen protonated
peptides complexed with the four different polyethers.
The thresholds are displayed both as the raw data and,
in parentheses, the values corrected for degrees of
freedom (the reference was the protonated KGG/18-
crown-6 complex).
The group of tripeptides studied each contained a
single basic amino acid whose position varied, along
with two glycine residues. For these small peptides, it
was possible to observe the effects of amino acid
position and basicity (Table 1) on the relative binding
strengths of the polyethers with little contribution from
secondary structure. Complexes containing tri-glycine
were also analyzed for comparison between side chain
and N-terminal protonation. The second set of peptides,
(AAAAA, RAAAA, KAAAA, AAAAR), allowed corre-
lation of hydrogen bonding strength with amino acid
basicities (N-terminus versus Arg versus Lys), as well
as possible effects due to intramolecular hydrogen
bonding. The third set consisted of leucine enkephalin
(YGGFL) and Arg3-leucine enkephalin (YGRFL). These
two were compared to see how the presence of a highly
basic amino acid (arginine) affected the binding of the
polyether hosts in peptides with bulky amino acid
residues. In the peptide without arginine, one would
expect protonation and complexation at the N-terminal
amine, whereas with the arginine present, there are two
possible protonation/complexation sites.
Table 2. Dissociation threshold for protonated tripeptide complexesa
Peptide 18C6 15C5 Tetraglyme 12C4
KGG 15.20  0.04 11.92  0.03 11.31  0.09 9.1  0.1
(15.20  0.04) (13.08  0.03) (12.01  0.09) (11.1  0.1)
GKG 17.60  0.08 14.7  0.3 13.9  0.2 11.6  0.2
(17.60  0.08) (16.1  0.3) (14.8  0.2) (14.0  0.2)
GGK 16.52  0.08 13.08  0.07 12.2  0.2 10.1  0.1
(16.52  0.08) (14.35  0.07) (13.0  0.2) (13.3  0.1)
HGG 14.9  0.2 12.5  0.3 12.2  0.3 10.3  0.1
(15.7  0.2) (14.5  0.3) (13.8  0.3) (13.3  0.1)
GHG 15.6  0.2 12.1  0.1 12.8  0.2 9.4  0.2
(16.5  0.2) (14.1  0.1) (14.4  0.2) (12.2  0.2)
GGH 14.8  0.3 11.6  0.1 11.9  0.1 9.51  0.3
(15.5  0.3) (13.5  0.1) (13.4  0.1) (12.3  0.3)
GGG N/A2 19.1  0.1 18.8  0.2 15.5  0.2
(26.0  0.1) (24.8  0.2) (24.0  0.2)
aValues expressed as percent of maximum CAD voltage, with values corrected for degrees-of-freedom in parenthesis. %2Unable to obtain
comparable dissociation thresholds due to low intensity/absence of complex or multiple dissociation pathways.
Table 3. Dissociation threshold for protonated penta-alanine peptide complexesa
Peptide 18C6 15C5 Tetraglyme 12C4
AAAAA 16.3  0.3 13.45  0.06 13.2  0.1 9.9  0.2
(13.7  0.3) (12.22  0.06) (11.7  0.1) (9.8  0.2)
KAAAA 12.7  0.1 10.1  0.3 9.7  0.1 N/Ab
(9.5  0.1) (8.1  0.3) (7.6  0.1)
RAAAA 11.09  0.01 9.1  0.1 9.17  0.09 N/Ab
(8.19  0.01) (7.2  0.1) (7.10  0.09)
AAAAR 11.45  0.04 9.5  0.3 9.6  0.1 N/Ab
(8.45  0.04) (7.5  0.3) (7.4  0.1) N/Ab
aValues expressed as percent of maximum CAD voltage, with values corrected for degrees-of-freedom in parenthesis.
bUnable to obtain comparable dissociation thresholds due to low intensity/absence of complex or multiple dissociation pathways.
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An interesting effect of spraying solutions that con-
tain both peptides and polyethers is the stabilization of
higher charge states than are accessible with only an
acidified peptide solution. In the case of a peptide like
RAAAA, where there are two basic sites in close prox-
imity, with differing basicities, it is common to see only
a singly charged ion in the mass spectrum, as in Figure
6a. However, upon the addition of 18-crown-6 to the
solution, a second proton is stabilized on the peptide,
and an intense, doubly protonated, singly ligated spe-
cies is seen in the mass spectrum, shown in Figure 6b.
This multi-protonation effect is due to the charge stabi-
lization provided by the crown ether that solvates the
proton on one basic site. Since the first proton (at the
lysine side chain) is solvated by 18-crown-6 rather than
by intramolecular hydrogen bonding by the peptide,
this enables the N-terminus to bind a second proton.
Beauchamp and Julian have also reported that the
binding of polyether molecules can alter the charge
state distribution observed for a given peptide [41].
Sites of Protonation/Complexation and Effect of
Peptide Basicity
Table 1 displays the gas-phase basicities of the tripep-
tides, with the lysine and histidine side chains being
more basic than the N-termini [44]. Thus, if the tripep-
tides are singly protonated, the proton is expected to be
localized on the side chain of the basic amino acid, both
in the protonated peptide form and in the protonated
polyether/peptide complexes. Only a peptide with no
basic side chains, such as GGG, should be protonated
on the N-terminal amine.
In Table 2, the dissociation thresholds of the com-
plexes containing the tripeptides and the four poly-
ethers are tabulated. The dissociation thresholds for the
tri-glycine/polyether complexes are much higher than
those observed for the other complexes. This difference
suggests that the complexes involving peptides with
basic amino acids have considerably lower hydrogen-
bonding energies than those complexes involving trig-
lycine, presumably due to the different protonation
sites of the peptides (N-terminus versus side chain) that
alter the resulting solvation by the polyethers. Similar
conclusions were drawn from the data for the pen-
tapeptide complexes displayed in Table 3. Complexes
involving a peptide like AAAAA, which has no basic
amino acid side chain, display much higher dissociation
thresholds than complexes involving the pentapeptides
that contain one basic amino acid.
The gas-phase basicities of the various tripeptides
studied were previously reported by Carr and Cassady
Table 4. Dissociation threshold for protonated leucine enkephalin peptide complexesa
Peptide 18C6 15C5 Tetraglyme 12C4
YGGFL 15.6  0.1 12.83  0.09 12.4  0.2 9.3  0.3
(10.4  0.1) (9.13  0.09) (8.7  0.2) (7.0  0.3)
YGRFL 11.6  0.2 9.6  0.3 10.1  0.1 N/Ab
(6.8  0.2) (6.0  0.3) (6.2  0.1) N/Ab
aValues expressed as percent of maximum CAD voltage, with values corrected for degrees-of-freedom in parenthesis.
bUnable to obtain comparable dissociation thresholds due to low intensity/absence of complex or multiple dissociation pathways
Figure 6. Mass spectra of (a) RAAAA and (b) RAAAA/18-crown-6.
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[43], and, after correction to the current NIST scale of
gas-phase basicities [44], are listed in Table 1. By com-
paring the gas-phase basicities of the peptides with the
relative dissociation energies of the peptide/polyether
complexes, a direct correlation is evident. For instance,
in all cases, the dissociation thresholds for complexes
containing GGG, the peptide with the lowest gas-phase
basicity, were higher than for complexes containing any
other peptides. The same type of correlation is seen by
comparing the complexes containing lysine tripeptides
to those containing histidine tripeptides. The gas-phase
basicities of the histidine peptides are lower than those
of the analogous lysine tripeptides, and thus the corre-
sponding dissociation thresholds of the complexes con-
taining the histidine tripeptides are higher than those
containing the lysine tripeptides. In addition, an inverse
relationship is evident between basicity and dissocia-
tion threshold amongst the histidine-containing tripep-
tides. The relative gas-phase basicities are: HGG 
GGH  GHG [43]. The relative dissociation thresholds
for the complexes are: GHG  HGG  GGH. As the
peptide binds the proton more strongly (as in the case
of a more basic peptide), the strengths of the resulting
hydrogen bonding interactions between the polyether
and proton diminish. This result is consistent with the
accepted concept that the strongest hydrogen bonds are
the ones in which the protons are most equally shared
between two different electron-donating groups [45].
However, in some cases, factors other than gas-phase
basicity play a role in the energy required for dissocia-
tion. For instance, the gas-phase basicities of the lysine-
containing tripeptides follow the trend: KGG  GGK 
GKG [43], and the dissociation thresholds follow the
trend: GKG GGK KGG. Even though the gas-phase
basicities for GGK and KGG are not distinguishable, it
requires more energy to dissociate the protonated
GGK/polyether complexes than the protonated KGG/
polyether complexes. Examples of the protonated
KGG/18-crown-6 and GGK/18-crown-6 complexes, il-
lustrated in Figure 7, show no significant differences in
terms of steric interactions between the two peptides
and their binding sites, so presumably subtle structural
effects, such as perhaps the interaction of other func-
tional groups (e.g., the carboxyl terminus) with the
crown ether ligand, stabilize the GGK complex to a
greater extent than the KGG complex. In addition, it is
interesting that the threshold measurements involving
the noncovalent polyether/peptide complexes allow
more sensitive differentiation of KGG and GGK struc-
tures than do gas-phase basicity measurements alone.
The energy-variable CAD measurements provide an
alternative, versatile way to probe subtle differences in
structural factors that affect noncovalent interactions.
For all of the protonated pentapeptide/polyether
complexes (with the exception of those containing 12-
crown-4), the dissociation thresholds followed the
trend: AAAAA  KAAAA  AAAAR  RAAAA. This
trend again correlates with the relative gas-phase basic-
ities of the peptides. Penta-alanine must be protonated
and solvated by the polyether at the N-terminus, which
is considerably less basic than the lysine or arginine side
chains of the other peptides. Thus, the polyethers are
able to form more stable hydrogen bonds with proton-
ated AAAAA than with the other pentapeptides, which
are protonated at the basic side chains. Lysine has a
lower gas-phase basicity than arginine, and this is
reflected in the dissociation thresholds of the KAAAA
complexes relative to those of the RAAAA and AAAAR
complexes, the latter two requiring less energy for
dissociation. For the two arginine-containing peptides,
the protonated AAAAR/polyether complexes required
more energy for dissociation than the protonated
RAAAA/polyether complexes. There are two possible
explanations for this result; either the position of the
arginine residue (N-terminal versus C-terminal) affects
its basicity and therefore the dissociation thresholds, or
steric effects and/or intramolecular hydrogen bonding
lead to more stable AAAAR complexes, relative to those
containing RAAAA. From the molecular models for the
AAAAR/18-crown-6 and RAAAA/18-crown-6 com-
plexes (Figure 8), it seems that the steric interactions in
these complexes are similar, but the intramolecular
hydrogen bonding of the peptides differ. In the
RAAAA complex, the arginine undergoes intramolecu-
Figure 7. Molecular modeling of the protonated (a) KGG/18-
crown-6 and (b) GGK/18-crown-6 complexes.
Figure 8. Molecular modeling of the protonated (a) RAAAA/18-
crown-6 and (b) AAAAR/18-crown-6 complexes.
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lar hydrogen bonding with the carbonyl oxygen of the
C-terminal carboxyl group, whereas in the AAAAR
complex, the peptide undergoes intramolecular hydro-
gen bonding with the N-terminal nitrogen. It is likely
that these interactions alter the relative basicities of the
arginine side chains sufficiently to affect the strengths
of the noncovalent interactions with the polyethers. The
smallest polyether, 12-crown-4, didn’t form a stable
complex with any peptide other than AAAAA; conse-
quently, it was not possible to obtain dissociation
thresholds. The lack of complex formation was inter-
preted as an indication that the gas-phase basicities of
the peptide and the crown ether were sufficiently
different that the crown ether could not form stable
hydrogen bonds with the protonated amine of the
peptide.
Complexes containing leucine enkephalin (YGGFL)
or arg3-leucine enkephalin (YGRFL) with the polyethers
were analyzed, and the 10% dissociation thresholds
were obtained for all of the observable complexes. The
smallest polyether, 12-crown-4, didn’t form a stable
complex with YGRFL; thus, it was not possible to obtain
a dissociation threshold. Table 4 shows that, for all
polyether ligands, the complexes containing leucine
enkephalin required more energy for dissociation than
the analogous arg3-leucine enkephalin complexes. This
can be explained by the lower basicity of the N-
terminus of YGGFL relative to the more basic arginine
side chain of YGRFL, which again results in more
balanced and thus stronger hydrogen bonds with the
polyether.
Effect of the Gas-Phase Basicity of the Polyethers
Complexation of protonated peptides was evaluated
with four different polyether compounds: 18-crown-6,
15-crown-5, 12-crown-4, and tetraglyme [Tables 2–4].
The three crown ethers were compared to see how the
binding strengths of peptides varied as the gas-phase
basicity of the crown ether changed. Tetraglyme was
used to compare the binding of an acyclic ligand to that
of its cyclic analog, 15-crown-5. Regardless of the data
set compared, the trend observed is the same in that the
threshold values decrease in the order: 18C6  15C5/
tetraglyme  12C4, a direct correlation with gas-phase
basicity of the polyether. This correlation reiterates the
importance of the hydrogen-bonding capabilities of
each partner in the peptide/polyether complex, in
terms of favoring those that can form the most balanced
hydrogen bonds and implies that these subtleties can
have important cumulative effects in larger biological
systems.
Conformational Flexibility of the Polyether
Tetraglyme and 15-crown-5 were compared to observe
how the conformational flexibility of the polyethers
affects binding strength to the peptides. These two
polyethers have similar sizes and gas-phase basicities.
The threshold dissociation data indicates that, for most
complexes, 15-crown-5 binds somewhat more strongly
than tetraglyme, except for the protonated GHG com-
plex. As can be observed in Figure 9, the binding to the
side chain of lysine in the KGG/polyether complexes
results in the formation of similar polyether structures
and the same number of hydrogen bonds for both
15-crown-5 and tetraglyme. However, because 15-
crown-5 is a more rigid, preorganized structure, the
hydrogen bonds are slightly stronger, and this is evi-
denced by the threshold dissociation results. Conse-
quently, the complexes involving lysine-containing
tripeptides and 15-crown-5 are more stable and require
more energy to dissociate than do the analogous tetra-
glyme complexes. The only case in which a higher
dissociation threshold is observed for a protonated
peptide/tetraglyme complex, compared to the analo-
gous 15-crown-5 complex, is for the complex containing
GHG. In fact, molecular models show that the confor-
mational flexibility of the polyether allows the forma-
tion of two hydrogen bonds for the tetraglyme complex
(Figure 10a). However, in the GHG/15-crown-5 com-
plex, there is only one intermolecular hydrogen bond
formed (Figure 10b).
Figure 9. Molecular modeling of the protonated (a) KGG/15-
crown-5 and (b) KGG/Tetraglyme complexes.
Figure 10. Molecular modeling of the protonated (a) GHG/15-
crown-5 and (b) GHG/tetraglyme complexes.
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Conclusions
Based on energy-variable collisionally activated disso-
ciation in a quadrupole ion trap mass spectrometer, the
relative strengths of the noncovalent interactions be-
tween four polyether molecules with a series of pep-
tides have been evaluated. Three sets of peptide mole-
cules were compared, each providing key information
about how amino acid composition and sequence affect
their noncovalent interactions with the polyethers. For
all three peptide sets, the strengths of noncovalent
interactions were inversely proportional to the gas-
phase basicity of the site of protonation. This was most
dramatic when comparing the dissociation thresholds
of those peptides with a basic amino acid residue and a
comparable peptide in which the most basic site was the
N-terminus. In these cases, the peptides protonated at
the N-terminus required considerably more energy to
dissociate than those protonated at a lysine, histidine, or
arginine residue. The binding strengths associated with
the various polyethers correlated with their gas-phase
basicities. This emphasized the importance of the hy-
drogen-bonding capabilities of each partner in a pep-
tide/polyether complex, in terms of forming the most
balanced (and therefore strongest) hydrogen bonds.
Comparison of the dissociation thresholds of a set of
isomeric tripeptides showed that both the position and
type of amino acids present affect the strengths of their
noncovalent interactions with the polyethers. Relatively
subtle differences in structures produced measurable
differences in the strengths of noncovalent interactions
observed, implying that minor changes in the structures
of biological molecules, such as conformational
changes, could be revealed by analogous energy-vari-
able CAD measurements. In the case of both lysine and
histidine-containing tripeptides, the tripeptides with
the structure GXG (X  lysine or histidine) required
more energy for dissociation than the peptides with the
XGG or GGX sequences. Comparison of the alanine-
containing pentapeptides made it possible to observe
how N-terminal versus C-terminal position of a basic
amino acid and the identity of this residue affect the
strengths of noncovalent interactions with polyethers.
Comparing the dissociation thresholds obtained for
the complexes containing cyclic 15-crown-5 and its
acyclic analog, tetraglyme, it is apparent that in most
cases 15-crown-5 forms more stable complexes. In one
case, however, when the flexibility of the acyclic glyme
allowed for the formation of more favorable hydrogen
bonds than 15-crown-5 did, the tetraglyme complex
required more energy for dissociation. This result illus-
trates the advantage, in some cases, of conformational
flexibility over pre-organization.
In summary, the strengths of the noncovalent inter-
actions varied not only with the sequence of the peptide
but also its secondary structure. The use of energy-
variable CAD gives a sensitive method of evaluating
the factors that impact the strengths of noncovalent
interactions, and it is envisioned that these measure-
ments can be used to probe more complex biological
complexes and provide complementary and, in some
cases, more sensitive differentiation than provided by
H/D exchange or gas-phase basicity methods.
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